Abstract: Calcium phosphate powders for manufacturing bioceramics were synthesized via precipitation from stock solutions of (NH 4 ) 2 HPO 4 and Ca(NO 3 ) 2 , or CaCl 2 or Ca(CH 3 COO) 2 with [Ca 2+ ]/[PO 4
Introduction
Engineering of new materials for bone implants is an important basis for development of orthopedics and maxillofacial surgery. According to the regenerative approach, bone implant materials have to consist of both bioresistive and bioresorbable phases. Among calcium phosphates, the most bioresistive one is hydroxyapatite, Ca 10 (PO 4 ) 6 (OH) 2 (HAp) with Ca/P = 1.67. Other calcium phosphates with Ca/P less than 1.67 are considered as resorbable phases. The most extensively used biphasic ceramic composite material consists of HAp as a resistive phase and tricalcium phosphate Ca 3 (PO 4 ) 2 (TCP) with Ca/P = 1.5 [1] as a resorbable phase. Calcium pyrophosphate Ca 2 P 2 O 7 (CPP) [2] [3] [4] [5] , rhenanite NaCaPO 4 [6] , calcium carbonate СaCO 3 [7] and some glasses [8] can be treated as alternative resorbable phases. Combination(s) of listed phases can be used for tuning the rate and the limit of biomaterials degradation. At the same time, the use of pure calcium phosphates seems preferable.
A significant portion of articles published during last years were devoted to synthesis and characterization of the following calcium phosphates: HAp, Ca-deficient HAp, amorphous calcium phosphate and TCP [9] . Less attention was paid to synthesis of calcium phosphates with Ca/P = 1, such as brushite (CaHPO 4 •2H 2 O), and monetite (CaHPO 4 ), CPP. Resorbable composite materials containing a CPP-phase can be fabricated from the mixture of HAp and monetite [2] , or from the mixture of HAp and milled calcium-phosphate glass [4] . Ceramic composite materials with a CPP-phase can be made either from commercially available [3] , or synthesized [5] powders when the sintering additive of Na 4 P 2 O 7 is used.
Ceramic composite materials with the resorbable TCP and resistive HAp phases are usually fabricated by sintering of an initially bi-phase powder mixture [10] , or such a mixture can be created during precipitation of Ca-deficient HAp from a solution at a particular pH-value followed by thermal treatment of the precipitate [11] . To improve bioresorption it is necessary to create the material containing resorbable phases only, e.g. CPP and TCP. Using essentially the same logic, to obtain this material by wet synthesis it is necessary to precipitate simultaneously brushite (or monetite, giving CPP under calcination) and Ca-deficient HAp (giving TCP when heat treated). It is well known that when a solution of a calcium salt reacts with a solution of soluble orthophosphate, the pH-level drops rather sharply due to release of an acid and hydrolysis of a salt by-product under formation of HAp or amorphous calcium phosphate [1] . Different pairs of calcium and phosphate precursors react according to this scenario; however, they will generate different solutions (mother liquor) with different pH-values in a reaction zone.
In 4 Cl along with released acids can create an acidic pH in the reaction zone. According to [12] , in the case of CaCl 2 /(NH 4 ) 2 HPO 4 the pH level can vary over a wide interval, thus creating opportunity for the precipitation of different calcium phosphates. One should keep in mind that the presence in the reaction zone of HPO 4 2-and CH 3 COO -with coupled acidic forms gives rise to rather complex buffer systems which support a definite pH level and, therefore, affect the phase composition of the final material.
The effect of the anion of the calcium precursor salt on powder properties and morphology of HAp particles has been extensively discussed (see, e.g. [13] ). The role of by-products in sintering of ceramics based on these powders has been presented in [14] [15] [16] . At the same time, there is a lack of such information related to synthesis of the powders of calcium phosphates with Ca/P = 1 for the purpose of bioceramics fabrication.
The present work is aimed at the elucidation of the effect of the ion composition of a solution having [ 
Experimental Procedures
Calcium phosphate powders were synthesized via a conventional wet-precipitation technique from 0.5 M solutions of the following pairs of salts: Ca(NO 3 ) 2 /(NH 4 ) 2 HPO 4 , CaCl 2 /(NH 4 ) 2 HPO 4 , Ca(CH 3 COO) 2/ (NH 4 ) 2 HPO 4 , without pH control. 100 mL of the solution of a calcium salt were added to 100 mL of the solution of (NH 4 ) 2 HPO 4 . The temperature of the solutions was maintained at 40°C. After precipitation, the suspension was matured for 30 min and then filtered without washing. The precipitates were dried at room temperature for 48 hours. Dry powders were disaggregated in a ball mill for 3 min in acetone or alcohol media with a liquid : powder : balls proportion set to 1:1:3. The powder processed in this way was sieved (Saаtilеne HiTechTM polyester fabrics, cells of 200 μm). The samples (charges of about 0.22 or 0.25 g, without plasticizer) were uniaxially pressed in a stainless steel mold into 10 × 5 × 3 mm rectangular bars at 100 MPa. The compacted samples were then annealed at 900°С, 1000°С and 1100°C with isothermal holding during 6 hours (heating rate 5°С min -1 ). Sample notations, composition and by-products are listed in Table 1 . The pH values of the solutions during precipitation were measured using an Expert-001 pH-meter and glass-electrode ESK-1030 (Russia) having an accuracy of ± 0.02 pH units; the signal was digitized with discrete steps of 0.5 s. Densities of green compacts and sintered samples were determined by geometrical measurements. XRD patterns were obtained with CuKα radiation using a DRON-3M powder diffractometer (Russia). TGA of the specimens was conducted with a Diamond Pyris (Perkin Elmer, USA) in air up to 1150°C at a heating rate of 5°C min -1 . The microstructures of the powders and dense specimens were elucidated using FESEM with a LEO Supra 50 VP scanning electron microscope (Carl Zeiss, Germany) operated at 5 -10 kV and TEM with a JEM-2000 FXII transmission electron microscope (JEOL, Japan) operated at 200 kV. Particle size distribution was determined using Fritsch Analysette-22 (Germany).
Results and discussion
According to XRD, the as-precipitated powders from the first pair of precursors ((NH 4 ) 2 HPO 4 ; (Fig. 1a) , the powders from the second pair of precursors ((NH 4 ) 2 HPO 4 ; СаCl 2 -powder №2) are composed brushite CaHPO 4 •2H 2 O and traces of NH 4 Cl (Fig. 1b) . The calcium phosphate powders synthesized from the third pair of precursors (Ca(CH 3 COO) 2 ; (NH 4 ) 2 HPO 4 -powder №3) correspond to HAp with a small size of crystals (Fig. 1c) . Apparently, the amounts of the by-products are above the detection limit of XRD only in the cases of the powder №2. It is reasonable to attribute this fact to the different solubilities of the by-products ( Table 1) . As evidenced by SEM, the particles of the first and the second powders have the plate-like morphology specific to brushite crystals (Fig. 2a, b) , and the powder №3 demonstrates equiaxed particles of HAp (Fig. 2c) . It is reasonable to attribute the difference in phase composition of the powders under study to the variation of pH in the course of precipitation and to the effect of anion composition of the solutions. Variation of pH during precipitation of calcium phosphates from the solutions is characterized by two pH-drops (Fig. 3) . The first drop is the more was pH 7.5 (starting value before mixing of the stock solutions). Thus, pH can drop from 7.5 to 4.5 during the precipitation reaction. The exact value depends on the phosphate buffer capacity of a particular solution. It should be noted here that buffer capacity in the cases of the pairs №1 and 2 is almost exhausted with the strong acid HX formed according to reaction (2). This is not the case for the pair №3, where the acid (CH 3 COOH) is weaker, and there is an additional buffer system CH 3 COO -/CH 3 COOH. Finally, at the end of precipitation we have the lowest pH for the pairs №1 and 2 and formation of brushite, and a higher pH-value for the case of the pair №3 (acetate system) leading to apatite formation. In practice, the Ca/P ratio for ACP and HAp can be less than 1.5 and 1.67, respectively; however, it does not affect the generality of considerations made above.
According to the thermoanalytical data, the TG-curves for the powders №1 and №2 demonstrate the same features (Fig. 4) . As determined from the TG-curves, there was a distinct mass loss due to release of adsorbed and crystalline water, and elimination of NH 4 NO 3 and NH 4 Cl by-products in the temperature range 200 -300°C. Conversion of CaHPO 4 into Ca 2 P 2 O 7 took place in the interval of 300 -450°C according to the scheme below [1] : It was estimated that both powders contained ca. 5 -8% of the by-products. The TG-curve for the calcium phosphate powder synthesized from the third pair of precursors did not show any mass loss in interval of 300 -450°C as might be expected in the case of presence of calcium phosphates with Ca/P = 1. Total mass loss in this case was less than 12% and corresponded to release of adsorbed and crystalline water, as well as elimination of the by-product, which is thought to consist of (NH 4 ) 2 HPO 4 and NH 4 CH 3 COO. For the powder №3, there is a mass loss in the interval 700 -800°C. According to [18] , this might correspond to conversion of Ca-def HAp (Ca deficient HAp) or ACP to TCP (see the reaction (6)). An excess of phosphate ions coming presumably from (NH 4 ) 2 HPO 4 under heating, could form (HPO 3 ) n according to the reaction (7), and then interact with HAp in accordance with (8) . 
Maximal sizes of aggregates in the powders under study were not larger than 50 μm, and the narrowest particle size distribution was demonstrated by the powder sample №2. It was found that the densities of green compacts of the powders №1, №2, and №3 were 1.52, 1.30 and 1.25 g cm -3 , respectively ( Table 2 ). The higher density of the compacted samples from the powders №1 and №2 can be deduced from the platelet morphology of brushite or monetite particles. Samples from the powder №3 have lower density which corresponds to 40% (from 3.16 g cm -3 -theoretical density of HAp); this value is common for the powders of precipitated HAp [14] .
After annealing at 900°С, there is a diminishing of the density of the samples made from the powders №1 and №2 (Table 2 ). This fact can be explained by release of the by-products, decomposition of brushite, and then monetite. All these processes connected with liberation of gaseous products take place before 900°С (Fig. 4) . Sintering at 1000 -1100°С makes densities higher. At 1100°С, densities of the samples №1 and №2 were 1.94 and 1.78 g cm -3 . The linear shrinkage of the samples made from the powders №1 and №2 at 1100°С were 11.76% and 8.82% (Table 3) . For samples made from the powder №3, the density changed from 1.36 g cm -3 at 900°C to 1.66 g cm -3 at 1100°C. At this point, the linear shrinkage of the samples №3 was 12.75%. Bringing these facts together with the previous data on the monetite powder synthesized from (NH 4 ) 2 HPO 4 and Са(NO 3 ) 2 for fabrication of CPP-ceramics [2] , it should be noted that relative density of ceramics based on monetite powder were higher (about 80%) than the one (about 65%) based on brushite (the powder №1 in the present work).
According to XRD data, the samples of ceramics based on the powder №1 sintered at 900, 1000 and 1100°С consist of the only phase of β-CPP (Figs. 5a and 6а) . However, the samples of ceramics based on the powder №2 fired at 900, 1000 and 1100 о С are composed of β-CPP as preferable phase and β-TCP (Figs. 5b and 6b) . The presence of both β-CPP and β-TCP was explained in [12] . According to this work, pH in the reaction zone varies from 7 to 5 when the solutions of (NH 4 2-x . It is clear from XRD data for the samples of ceramics based on the powder №3 (fired at 900 -1100°С) that the main phase in this case is β-TCP (Figs. 5c and 6c) , which is the result of reaction (8) and/or decomposition of Ca-def HAp. Thus, phase compositions of the ceramics based on the powders №1 and №3 after thermal treatment can be explained by the variation of the pH level as discussed at the beginning of this section. However, it is difficult to explain the difference in phase composition of the powders №1 and 2, where the final pH value in the course of precipitation is essentially the same. We have to conclude that anion composition of the solution is another important factor affecting evolution of precipitated ACP. Bearing in mind that Cl -can replace OH -in the apatite structure, the role of the chloride anion as a species favoring formation of HAp and modifying the morphology of its crystals, was discussed elsewhere [13] . According to SEM, the ]/[PO 4 3-]=1 for bioresorbable ceramics microstructure of the ceramics revealed porosity and should be regarded as under-sintered at 1000 and at 1100 о С (Figs. 7, 8 ). It is possible to draw a conclusion that the first stage of sintering occurs at 1000 о С. After firing at 1100 о С, the ceramics based on the powder №1 demonstrated large grains of β-CPP (Fig. 8a) , while the ceramics based on the powder №2 consisted of smaller (2 -4 μm) grains of β-CPP and β-TCP and smaller pores (Fig. 8b) . Interestingly, the ceramics from the powder №3 revealed rather fine microstructure of equiaxial grains (1 -3 μm) of β-TCP and small pores (Fig. 8c) .
According to the presented data, synthesis conditions apparently influence thermal behavior of calcium phosphate powders with Ca/P = 1 and the ceramic microstructure. It is necessary to take into account the type of calcium salt (anion), the pH-level in the solution during precipitation, the composition of the mother liquor (which contains the solution of by-products) as the reaction is completed. The discussed pairs of precursors Ca(NO 3 4 Cl, NH 4 CH 3 COO. On heating, these by-products are eliminated from the calcium phosphate powders and compacted green samples prior to sintering, and seem to have no valuable effect on the sintering process.
Conclusion
It has been established that syntheses of insoluble calcium phosphate from the solutions of (NH 4 ) 2 HPO 4 and calcium salts (Ca(NO 3 ) 2 , CaCl 2 and Ca(CH 3 COO) 2 ) with Са/Р = 1 and without pH control lead to fabrication of ceramics with different microstructure and phase composition. These differences arise from the variation of pH level in the solutions during precipitation, and are dictated by the anion composition of the starting solutions. The powders under study can be considered as precursors to fabricate bioceramics with enhanced resorption properties due to the presence of the calcium phosphate phases with higher (compared to HAp) solubility.
